The aim of the present work is to discuss process parameters effect on microstructure evolution and formation mechanism of ultrafine grains. As plastic deformation technique Equal Channel Angular Pressing (ECAP) method used pure Ti G4 rods processed in order to obtain fine grained micro structure. Equal Chanel Angular Pressing technique was conducted at different processing route, process temperature, pressing velocity with an orthogonal design to critically evaluate the significance of these process parameters with their different levels. The microstructure was observed with optical and electron back scattering diffraction (EBSD) microscope. The mechanical properties were tested with tensile, hardness tests and phase is controlled with XRD analysis.
Introduction
The influence of severe plastic deformation parameters on ultrafine grained (UFG) material properties has been investigated by various studies;
1 studied Surrogate-based Pareto analysis for Constrained groove pressing of steel plates, 2 used Taguchi analysis for repetitive corrugation and straightening (RCS) of Al plates, 3 used Response Surface Methodology in optimizing the process parameters of Twist Extrusion process of aluminium. This study focused on investigation effects of extrusion mold characteristics and processing route on specimen mechanical homogeneity by means of experimental design. In order to obtain this a comprehensive experimental design was built up to obtain process parameters effect on UFG materials such as process temperature, route and pressing velocity.
ECAP technique introduces material high dislocations to the sample via simple shear at the intersection of the tool channel. Titanium ECAP is also quite different from other materials because of titanium has deformation twinning besides slip of grains 4 . ECAP is a versatile technique that enable manufacturing UFG material with prior mechanical properties 5 . As it is known, during the ECAP the material geometry is not changing which enable repetitive pressing of same specimen with different routes 6 . Different pressing direction routes invoke different deformation planes 7, 8 . Based on literature during the first pressing of titanium {1011} twinning plane is active afterwards, prismatic, basal and pyramidal slip systems activate. After first pressing, the activation energy for twin nucleation increases thus secondary slip system activates. A homogeneous ultrafine grained microstructure is obtained by activating such different planes. For application of route A the specimen is located to the channel in the same direction for every pressing which means route A has no rotations. Specimen is rotated with +90˚ for application of route B C . For route C, the specimen is rotated with +180˚7 ,9 . As highlighted in
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Route A and C exhibit sharing in the X and Y planes but there is not sharing in the Z plane. Alternatively, route B C has sharing plane in the Z direction 7 . The shearing planes of Route C and B c can be seen in Figure 1 . The shearing planes of Route C and Bc are depicted Figure 1 . For both C and B C route the specimen is turned at different angles and places to the channel for the second passes. As depicted in the Fig 1. Deformation section invokes -XY axis slip planes. Before second pass for route C the specimen turned +180 ˚ that invoked XY planes. For route BC specimen turned +90 ˚ degrees, due to half turning additional slip direction that belongs to Z axis are come across with deformation plane of the tool. After fourth pass all ±XY, ±ZY axes are being deformed due to 90 ˚ turning between each passes. So far, there are plenty of studies about ECAP routes of titanium. They concluded that route B C is more effective than the other routes for generating a homogenous; ultrafine grained microstructure with high angle grain boundaries 10, 11 . Route C found to be generating the most intense plastic straining because of repetitive deformation with same plane 12, 13 . In this experimental study three different processing routes (A, B c , C) were selected to understand shearing behaviour effect to the microstructure homogeneity beyond other processing parameter such as temperature, pressing velocity.
Process temperature is another important parameter considered in this research. Process temperature directly effects productivity of material. Lower process temperatures decreases manufacturing cost and more basic manufacturing infrastructure but besides this increasing process temperature 14 . In addition processing of CP Ti by plastic deformation is not an easy method because of its poor plastic deformation capability, limited ductility. CP Ti has hexagonal closed packet structure with poor slip system for deformation 15 . The tool wear rates are high during Ti extrusion or machining processes. Different process temperatures may be used to activate different dislocation planes that affect mechanical properties and homogeneity. For example at ambient temperatures there are three different twinning planes {1012},{1121}{1122} , for 350 ˚C {1011} twining plane is active 10, 16 . Thus the amount of the twinning in the structure of the material is changeable with deformation temperature. The formation of twins in the microstructure is important for mechanical properties such as ductility 17, 18 . In studies generally higher processing temperatures are selected for ECAP of pure Ti to activate additional slip systems and dynamic recrystallization in order to obtain lower deformation strength with a fine micro structure 19, 20 . There are also successful studies used lower processing temperatures (275 ˚C) for pure Titanium 21, 22 . High pressing temperature can result with grain growth in the microstructure of material. Even so, lower process temperatures of the hexagonal closed packed titanium result with low ductility and high hardness. In this experimental study three levels of process temperature were selected to understand their effect on grain growth and deformation mechanism. At room temperature ECAP failed with segmentations on specimen for pressing speed 5-0.1mm/s. Thus the lowest temperature selected as 150 ˚C.
Pressing velocity effects micro structure formation by dominating plastic recovery time during deformation, flow stress and internal heating, which is crucial especially for high speed pressing 23, 24 . Slower ram speed enables plastic recovery that results with observation extrinsic grain boundary dislocations by the equilibrated grain boundaries. Thus, as 8 highlighted slow ram speed provides more equilibrated grain boundaries in the structure. Higher pressing speeds cause high flow stress and results with non-equilibrated grain boundaries. Moreover, pressing speed has a significant effect on internal heat increase of the specimen 25, 26 . The heat increase is more significant for higher speeds as can be seen in 25, 26 , which can be attributed to the friction rates of materials. In literature there are analytical studies 27, 28 addition to experimental studies to highlight ram speed effect on microstructure of material.
The effect of grain size and pressing speed on the deformation mode of commercially pure Ti during equal channel angular pressing (ECAP), were discussed in the article. The ECAP was carried out on the billets at 150-450 ˚C with constant pressing speeds of 0.1 or 5 mm/s. The ANOVA and Taguchi analysis is calculated based on hardness standard deviation values of specimen groups. The 
Experimental Procedures
In experiments commercially pure titanium grade 4 (ASTM B 348, ISO 5832/2) with an average grain size of 58 µm was used. For ECAP, cylindrical samples with the dimension φ 5 mm×50 mm were prepared from a titanium bar. In order to remove any residual stress that might remain inside all of samples were annealed in argon atmosphere for 2 h at 700 ˚C and air cooled.
An ECAP die with channel angles of φ=110° and corner angle of Ψ=~0° was used (Fig. 2) . Manufacturing corner angle of Ψ=~0° at the intersection is quite difficult for 5 mm diameter with drilling method. Therefore the electrical discharge wire cutting used for its lower manufacturing tolerance interval. Molybdenum disulphide was used as lubricant (MollyDuval). Lubricant material applied to both specimen and channel walls. During the pressing temperature of the die controlled and was kept stable ±10 ˚C with a controller (Fig. 2) .
Coarse grained specimen micro structure was observed with Leica optical microscope and for ultrafine grained specimen EBSD investigation was applied. The ultra-fine grained micro structure was examined with scanning electron microscope Tescan Lyra 3 equipped with Nordlys Nano EBSD detector operating at an accelerating voltage of 20 kV with specimen tilted at 70°. Afterwards, the obtained data was analysed using HKL Channel 5 software developed by Oxford Instruments. Coarse grained micro structure grain sizes were measured with image processing programs after obtaining optical images. In order to obtain ultrafine grained grain size EBSD analyses were used.
Tensile test specimens were prepared with the form of dog bone shaped with 4x1.5x16 (wide, thickness, length) by means of wire electro-discharge machine (EDM) and they were deformed at room temperature (RT) and at a strain
. The sample dimensions are presented in Fig. 3 . Specimens were tested from the parallel side to the extrusion direction. Two samples that belong to the best experimental set tested with tensile tests. A special gauge manufactured in order to adapted specimen to the tensile test machine. As highlighted in 29 this kind of inappropriate gauge length of tensile samples affects necking, ductility and so on. Thus, only maximum tensile strength was used from these tensile results.
In order to have a systematic approach to the selected ECAP process parameters experimental design Taguchi L27 was selected with three levels of factors (Table 1) . Different process parameters are strongly effect quality characteristic which is homogenous micro structure in this study. The plan of the experiments was developed with the aim of understanding relation the influence of the pressing velocity, route and process temperature with the hardness of the specimen and minimize manufacturing cycles by finding the optimal manufacturing parameters 30 . The statistical analysis was concerned with ANOVA to determine the percentage contribution of each parameter and their significance (R 2 ). Afterwards, the confirmations tests were applied. In Taguchi analysis, signal-to-noise (S/N) ratios were used to understand proper response of the levels. For the analysis of the S/N ratio smaller-the better performance characteristic was used. The smaller better equation is given in Eq. 1.
(1)
Quality characteristic is determined as microstructural homogeneity with lowest hardness value. Hardness measurements were applied transversal sections which are in perpendicular to the pressing direction. Hardness map obtained with optimal experimental set in order to understand microstructural homogeneity. For observation hardness values, measurement coordinates determined from cross section of specimen and from these determined points hardness values (Fig. 4) . Vickers hardness tester was used with 200 gf and 10 s dwell time. 17 measurements with 0.9 mm step interval applied to each specimen in order to calculate standard deviation, hardness map is observed only for the optimum experimental set. In order to obtain hardness map 85 measurement applied with 0.4 mm measurement step interval. Sampling interval selected carefully in order to decrease indenter deformation effect on measurement result
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. Moreover XRD analysis and tensile test applied to the optimum experimental set in order to understand ECAP effect. Phase measurements of initial state 1 pass and 8 pass specimen were conducted using an X-ray diffraction (XRD) Bruker AXS D8 diffractometer equipped with a Co-Kα radiation source (λ=1.5442 Å). Samples for XRD were cut from the center of the ECAP billet perpendicular to the extrusion direction. Samples for XRD were mechanically polished with using 1200 grit SiC paper, followed by mechanical polishing with colloidal silica similar to the optical microscope surface preparation according to the relevant standard 32, 33 . Phase determination of all specimen were conducted using an X-ray diffraction (XRD) Bruker AXS D8 diffractometer equipped with a Co-Kα radiation source (λ=1.5442 Å). Samples for XRD were cut from the center of the ECAP billet perpendicular to the extrusion direction. Samples for XRD were mechanically polished with using 1200 grit SiC paper, followed by mechanical polishing with colloidal silica.
Results and Discussion
The ECAP procedure was applied according to the selected experimental design and the mean hardness results are given in Table 1 . S/N rations for the hardness values of the specimen were calculated separately and given in Table 2 and Fig 5. The Taguchi results indicate the order of importance of the ECAP parameters for the hardness change as; pressing speed > process temperature> processing route ( Table 2 ). The most significant process parameter found to be the pressing speed with a contribution of 45.25%. Processing route found to be less effective parameter on microstructural homogeneity. Route B C is the optimal level beyond the routes which is parallel with the literatures 10, 11 . This experimental design revealed the pressing speed and process temperature are much more effective on homogeneity than process route. As highlighted in the introduction part pressing velocity strongly affect deformation mechanism. Process parameters also known to be a crucial parameters strongly affect deformation mechanism and homogeneity. This experimental study revealed for these process parameters and their selected levels pressing speed is more affected than process temperature.
The analysis of variance (ANOVA) was performed in order to find the statistical significance and process parameters effect on the hardness homogeneity of ECA pressed samples with different manufacturing parameters. Table 3 indicates the results. Three important ECAP parameters investigated, as shown in Table 1 ; Pressing Velocity (mm/s) (A), Pressing Route (B), Process Temperature (C). P test and F test are applied in order to understand the significance on the hardness change of these process parameters. P-values were tested which should be lower than 0.05 for %95 confidence level.
Since P-values of all parameters were less than 0.05, these values were significant according to the ANOVA analysis.
Moreover for F-test all groups F results were higher than critic value (3.37) which supports P test.
As can be seen in Figure 6 a, the plot grains shows equiaxed geometries with an average grain size of ~67 µm is observed with optical microscope. This specimen is pressed at 450 °C with route B c . After first pass the grain size measured as 22 µm without twins inside the grains according to the observations. The grain size decreasing is very effective for the first pass. After 2 pass the grain size measured as 9 µm which proves the success of the ECAP grain size decreasing. Grain size decreasing is getting slower, due to the grain size range. As drawn in the Fig. 6 c the grains geometries are still equiaxed due the deformation nature of the ECAP procedure.
After 8 passes electron back scattered diffraction method was used in order to measure UFG-8 times pressed specimen grain size and investigation indicated the grain size as ~ 520 nm intercept measurement and 550 nm equivalent diameter. As can be seen in EBSD image there are different color which indicates different grains with different directions. During the pressing, at the intersection (Fig.1 a) some planes are active and some grains are effected from strain and turns to different directions. Besides, some grains are not affected due to their slip planes and they stayed at the same color. This ECAP mechanism results with high grain boundary angles which is and another effect of ECAP procedure on specimen. There are also subgrains as shown in Fig. 7 EBSD image which can be noticed different colors in the some grain (marked with an arrow in the figure). These subgrains need dislocation in order to build up new stable grain boundary. These grains are unstable and these will be the first grains that can be change due to temperature or strains.
Selected specimens ultimate tensile strengths were tested repetitively at room temperature and the results are graphed in Fig. 7 . The x row indicates the experimental run number; the specimen experimental parameters can be seen in Table 1 . The y row indicates ultimate tensile strengths. As shown in Fig. 6 run 2 and the optimal experimental set according to the Taguchi and ANOVA results showed the Figure 7 experimental design run 2 had the highest tensile strength. Run 2 had the lowest press speed with 0.1 mm/sn, 450 °C working temperature and B c processing route. Run 25 had the highest press speed with 5 mm/sn, 300 °C working temperature and A processing route. These process parameters were also affected homogeneity, deformation mechanism and tensile strength. Pure titanium is a material with high stacking fault energy which effect deformation mechanism dependent to the process temperature 28, 29 . For example deformation at higher temperatures high stacking fault energy enables deformation climbs. Also at lower temperatures such as 300 °C, twinning seems to be more effective as deformation mechanism 18,19,) .These mechanism affect final tensile strength and microstructural homogeneity. As seen inFigure 7 Run 2 had the highest tensile strength with a lower hardness value and with lower standard deviation than Run 25. Decreased hardness can point softening due to continuous dynamic recrystallization and lower hardening due to increased process temperature. Besides increased maximum tensile strength hardness deviation is worse for Run 25. High processing speed is one of the important process parameters that effect microstructure. Lower press speeds enable dislocation mobility that effects microstructural homogeneity and improves . According to the Taguchi analysis optimal parameter set give the best result for homogeneity. Despite of maximum tensile strength relative to the Run 25, hardness distribution was the lowest which points good microstructural homogeneity XRD graphs obtained for 8, 1 passes and initial state of material and they are provided in Fig. 8 . As can be seen in Figure 8 ECAP deformation mechanism did not caused stress induced phase transformation, all of the peeks belong to alpha phases. Peek shifts (shown in Fig. 8 with red lines for 101α and 110α Ti) are observed which indicated high strains in the structure due to ECAP deformation. The shifts increased with the increase of ECAP passes. Also the height and width of the peaks are changes due to increased strain. Besides as drawn in Fig. 8 the height of the peak (In Fig.8h ) that belongs to 101c Ti is increased and the peak width (in Fig 8 d) of the peak decreased. According to the XRD counts the height was 650 for 8 times pressed sample and it was 550 for initial state. The peak width decreased to 0.0587° from 0.0871°. Some peaks heights decreased as shown in Fig. 8 103c which is the nature of SPD. During SPD procedure some of the grain can be stress relief due to thermal stress induced recovery and deformation plane direction.
After determination of optimal experimental set a more detail hardness map observed with 85 different hardness measurement points and the results were given in Fig. 9 . The colour scale is given on the right of the graph in order to indicate the significance levels of the hardness results. The hardness map is given is Fig. 9 . The hardness changed between 250-341 Hv 0.2 , a clear majority of hardness values were close to the mean hardness. The mean hardness value is calculated as 298.4 Hv 0.2 with a deviation of 12.07. This confirms experimental design results. The hardness is mostly homogeneous and partially higher in outer sections as shown in Fig. 9 . Friction between ECAP channel walls and specimen during the ECAP procedure is higher for the outer Figure 9 . Hardness Map of 8 pass specimen with 0.1 pressing velocity, 300 C pressing temperature and route Bc areas of the specimens. This hardness increase thought to be as a consequence of this high friction rate during ECAP.
Conclusions
Evolution of a proper microstructure for the needed properties is strongly related to microstructure formation based on stress-strain history. Thus, processing optimization enables to obtain needed material structure. Besides, technique also helps to understand parameters effect on microstructure.
• According to the S/N graph A1, B2 and C1 were found as optimal experimental design set which corresponds 0.1 mm/s pressing velocity; 300 ˚C temperature and route B c . Pressing at room temperature were tried but failed by segmentations for pressing speed 5-0.1mm/s.
•
Despite the significant effect of processing route to invoke deformation planes, pressing velocity founded to the most effective parameter for 150 ˚C, 300 ˚C, 450 ˚C temperature and A, B c , C routes with 48.5%.
• XRD analysis indicated the material phases correspond to the α phase, which indicates that no phase transformation occurred during ECAP procedure of 8 pass specimen.
The tensile test results indicate optimal experimental run showed the highest tensile strength.
• EBSD analysis were used in order to measure grain size of ultrafine grained specimen and grain size found as ~ 520 nm intercept measurement and ~ 550 nm equivalent diameter.
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